In this paper, we develop a concise performance model of Partial Packet Discard (PPD) and Early Packet Discard (EPD) scheme in ATM switches. We study the performance of PPD and EPD with hetergeneous tra c sources. The sources included Poisson, and ON-OFF with long-tailed sojourn time distribution which is approximated by a h yperexponential distribution. The fairness of EPD is investigated. We automatically generate and numerivally solve the underlying Markov chain using a high-level graphical paradigm known as the stochastic reward net. Our numerical results reveal that: (1) The bene t of PPD and EPD is not signi cant when the queueing system is underloaded with Poisson sources. (2) PPD and EPD can increase the goodput when the system is overloaded or loaded with ON-OFF sources. (3) In All Poisson case, PPD and EPD provide nearly fair service to the sources. (4) The ON-OFF source gets higher goodput than the Poisson source. Because the burstiness of a source will be alleviated by the statistical multiplexing of ATM switches, the ON-OFF source may be viewed as the source that just enters the network, and the Poisson source may be viewed as the source being far away f r o m the network node we are considering and has been regulated and smoothed by the switches it traversed. Therefore the queueing system with EPD algorithm gives higher goodput to the sources near it. And the sources far away from the system will have l o wer goodput. One of our principal conclusion is that per VC-based scheme is not needed at the core of large ATM networks because the tra c
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is less bursty at the core of the networks and PPD and EPD are fair under this kind of environment. A per VC-based scheme may be used at the edge of the ATM cloud. Such a con guration can make the core of the ATM network work at high speed.
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Introduction
While ATM (Asynchronous Transfer Mode) was originally conceived as a carrier of integrated tra c, the current most popular application of ATM is data communication where ATM networks are used as backbones to interconnect legacy Local Area Networks (LAN) and servers, and support legacy applications such a s F T P , e-mail, and Web browsing. Such legacy applications operate on TCP/IP platform, which requires that ATM must support TCP/IP in the protocol stack. Because of the popularity of TCP/IP, e v en some multimedia applications are based upon TCP/IP/ATM platform. Therefore, TCP/IP and ATM will coexist and interoperate in the future.
When we run TCP/IP over ATM, TCP/IP packets are segmented at the ATM layer into xed-size cells. When an ATM switch drops a cell because bu er over ows, the rest of the cells belonging to the same packet of the discarded cell will still be transmitted. After the cells arrive at the destination, the destination fails to reassemble the packet to which the lost cell belonged. TCP has a mechanism to request the source to retransmit the corrupted packet. Once one or more cells constituting a packet are lost, the whole packet will be retransmitted. Hence, the loss of one cell is ampli ed to the loss of a packet. And a portionofnetwork resources are wasted to transmit the corrupted and useless packets. This phenomenon was observed by Romanow and Floyd 1] . And two schemes named Partial Packet Discard (PPD) and Early Packet Discard (EPD) were proposed in 1] to enhance the e ciency of TCP over ATM. In PPD, when a cell is dropped from a switch bu er, all but the last cell in the packet are discarded even if the bu er can accommodate them. The last cell of the packet is used by the destination to delimit packet boundaries. Thus, PPD prevents the remaining part of the damaged packet wasting network resources. However, some damaged part of the packet still survive and reach the distination. In EPD, when the queue length of the switch r e a c hes a threshold level, the newly arriving packets will not be accepted to the bu er, and the entire packet is discarded. In addition, once a cell of an accepted packet is lost due to bu er over ow, all subsequent cells that belong to the same packet are discarded as in PPD. Comparing PPD with EPD, the former only discards the tail of the corrupted packet, while the latter may discard whole packets that might not have been damaged due to bu er over ow besides the tails of corrupted packets. PPD may be viewed as a special case of EPD with threshold equal to the bu er capacity.
Reference 1] studied the performance of TCP connections over ATM networks via discrete-event simulation and the performance improvements accrued by PPD and EPD were compared. Because EPD does not discriminate the packets while it discards them, severe unfairness in throughput was observed by simulations 5]. In 6], the authors proposedper-VC accounting and per-VC queueing techiques to deal with the unfairness, and simulation results veri ed the validity of their techniques. Because of the complexity of analytic model of TCP, almost all the analyses of TCP over ATM with PPD and EPD have been based on discrete-event simulation.
In order to get the numerical solution to the performance of PPD and EPD, details of TCP dynamics were elided and PPD and EPD were studied by assuming the packet arrival to bea stochastic p r o c e s s i n 2 , 3, 7] . In 2], all tra c sources were assumed to be homogeneous in terms of tra c characteristics. Each source generated cells according to an Interrupted Bernoulli Process (IBP). The cells generated during one ON period of IBP constituted a packet, and the ON and OFF periods were exponentially distributed. PPD and EPD were compared based on numerical results. It was shown that the performance of PPD is better than that of EPD when the packet length is short, and the performance of EPD with the optimal threshold is better than that of PPD when the packet length is long. In 7] , the selective-repeat ARQ (Automatic Repeat reQuest), an error control scheme in the transport layer, was integrated into the analysis of EPD, and the total cell arrivals (including the newly generated packets and retransmitted packets) were assumed to form a Bernoulli process. In 3], only one tra c source was considered and the packet arrival process was assumed to be Poisson. A new performance measure, i.e., goodput, was adopted to betterdescribe the network behavior. The analysis was extended to the exponentially distributed ON-OFF tra c sources as well. The main limitation of 3] is that since they assumed only one tra c source, no packet interleaving could occur.
Up to now, the performance of EPD under hetergeneous tra c environment has not been studied. In the real network environment, the user applications generate packets in a bursty manner, i.e., in the ON state, cells are generated and constitute a packet, while in the OFF state, no cells are generated. Since the ON and OFF periods are generally distributed, the tra c process is an ON-OFF semi-Markov process. In 8], the expirical distribution of TELNET packet interarrival times, i.e., the duration of OFF period, was found to be heavytailed (approximated by a P areto distribution), and the exponential distribution resulted in seriously underestimating the burstiness of TELNET tra c. For heavy-tailed OFF period, the longer the source has sojourned in the OFF state, the longer it will further sojourn in the OFF state, while the exponential distribution exhibits memoryless property. Therefore, the IBP model in 2] does not exactly describe the behavior of the packet tra c in legacy applications. After the ow o f p a c kets enters the ATM network, the statistical multiplexing will smooth the burstiness of the tra c, and randomize the interarrival intervals of the cells. Therefore, at the center of the network, the packet arrival process may beapproximated by Poisson. Considering an ATM switch in the network, its input tra c consists of the ows generated by the users far away from the switch, and those near the switch (including those directly connected to the switch). Thus, such hetergeneous tra c is closer to the real environment.
In this paper, we study the performance of EPD with hetergeneous tra c sources. The sources include Poisson, and ON-OFF with long-tailed sojourn time distribution. The longtailed distribution is approximated by a h yperexponential distribution. The fairness of EPD is investigated. Although it is not impossible to study the model under consideration by using the conventional methods in 2, 3, 7] , i.e., constructing Markov equations by hand, and then writing a program to solve the equations, it is rather tedious and error-prone. In this paper, we use stochastic reward nets (SRNs) 12] to concisely describe the system model. The underlying Markov models are generated automatically from the stochastic reward net models and solved by SPNP (Stochastic Petri Net Package), a widely circulated package developed by u s 1 3 , 1 4 ] .
The organization of the paper is as follows. In Section 2, a brief description of stochastic reward nets is given. In Section 3, the stochastic reward net model for EPD under hetergeneous tra c environment is presented. Numerical results obtained by using SPNPare discussed in Section 4. The fairness and the e ect of time-varying available bandwidth are studied. Conclusions are drawn in Section 5.
A Brief Description of Stochastic Reward Nets
Stochastic reward nets are extensions of stochastic petri nets. We give a brief overview of these constructs before presenting the model of EPD with hetergeneous tra c sources.
A P etri net is a directed graph with two disjoint t ypes of nodes: places and transitions. A directed arc connecting a place (transition) to a transition (place) is called an input (output) arc of the transition. A positive i n teger called multiplicity can be associated with each arc. Places connected to a transition by input arcs are called the input places of this transition, and those connected by means of output arcs are called the output places. Each place may contain zero or more tokens. A transition is enabled if each of its input places has at least as many t o k ens as the multiplicity of the corresponding input arc. A transition can re when it is enabled, and upon ring, a numberof tokens equal to the multiplicity of the input arc is removed from each of input places, and a numberoftokens equal to the multiplicity of the output arc is deposited in each of its output places. The state of a Petri net is characterized by a numberoftokens in each place which is called its marking. The initial numberof tokens assigned to the places in a Petri net determines the initial state (marking) of the net.
Stochastic Petri nets are Petri nets where exponentially distributed ring time is attached to each transition. In Generalized Stochastic Petri nets (GSPN), transitions are allowed to be either timed (exponentially distributed ring time) or immediate (zero ring time). A marking of a GSPN is called vanishing if at least one immediate transition is enabled in the marking and tangible otherwise. GSPN also introduces inhibitor arc connecting a place to a transition. A transition with an inhibitor arc can not re if the input place of the inhibitor arc contains more tokens than the multiplicity of the arc.
Stochastic reward nets (SRNs) are based on GSPN but extend them further 12]. In SRN, every tangible marking can be assigned a reward rate. It can be shown that an SRN can bemapped into a Markov reward model. Therefore, by using software packages 13, 14] , the underlying Markov reward model of an SRN can beautomatically generated and solved. Thus a variety of performance measures can be speci ed and calculated using a very convenient formalism. SRN also allows several other features that makes speci cation convenient: (1) each transition may have an enabling function (also called a guard) so that a transition is enabled only if its (marking dependent) enabling function is true, (2) marking dependent arc multiplicities are allowed, (3) transitions can also have priorities.
To represent an SRN as a graph, places are represented by circles and tokens are black dots (or integers) inside places. Immediate transitions are drawn as thin bars and timed transitions as white boxes. Inhibitor arcs have a small hollow circle instead of arrows at their terminating ends. The current n umberoftokens in place p is denoted as #p.
3 Stochastic Reward Net Model for Early Packet Discard
Early Packet Discard
We assume that the bu er capacity is N (cells), and that the threshold of EPD algorithm is K (cells). From the description of EPD algorithm 5, 6] in Fig. 1 , we can see that the packets arriving into the network face three eventualities: successfully transmitted, totally dropped when the rst cell of the packet found the queue length exceeding the threshold, and partially discarded when some middle cell of the packet sees bu er over ow. We assume the total number of packets arriving during time period of duration t as P in (t), the number of successfully transmitted packets as P out (t), the number of totally dropped packets as P 1 (t), and the number of partially discarded packets as P 2 (t), then P in (t) = P 1 (t) + P 2 (t) + P out (t) (1) Then the e ective throughput T H de ned in 1] is:
The goodput G as de ned in 3] is: In order to get the T H and G, a series of complicated derivations were introduced in 3, 7] . We will show in the following subsections that T H and G can be easily obtained by using SRN.
SRN Model for EPD with Single Poisson Source
In this simple case, we assume the cell arrival process is Poisson and the length of packet is geometrically distributed in terms of cells. The cell arrival rate is . An arriving cell is the head of the packet with probability q. Then the mean packet length and packet arrival rate are 1 q and q, respectively. The behavior of the bu er can be described with the SRN model shown in Fig. 2 .
The ring of the immediate transition t 8 represents the event that the arriving cell is the head of a packet. If it nds the queue length (the numberoftokens in place Queue) is less the threshold K, the immediate transition t 3 res and the cell enters place Queue. The cell transmission time is deterministic, which is approximated by a 3-stage Erlang distribution with rate 3 . If the head of the packet nds the queue length exceeding the threshold K, then it will be dropped, the immediate transition t 1 res and one token is deposited in place there is one token in place P 3 ), or one of its predecessor cell in the same packet has been discarded (i.e., there is one token in place P 4 ), then the cell is discarded, otherwise it enters the bu er. If the cell is discarded, one token will be deposited in the place P 4 . Immediate transition t 6 and the variable cardinality of arc from P 4 to t 6 are used to guarantee the number of tokens in P 4 be less than 2, which i s u s e d t o r e d u c e t h e n umber of states of the system.
Once a new packet's head enters place P 1 , the tokens in the places P 3 and P 4 are cleared by immediate transitions t 5 and t 7 , w h i c h ensures that whether the current packet is discarded (damaged) or not has no relationship with the successive packet. The correct operation is guaranteed by giving t 5 and t 7 higher priority than t 3 .
Obviously, a n y time we look at the state of the SRN in Fig. 2 , a token in P 3 represents that the packet is totally discarded, and a token in P 4 represents that the packet is partially damaged. In other word, when the head of a packet arrives, the state of P 3 and P 4 gives the information about the previous packet's fate, successfully transmitted or totally discarded or partially damaged. SRN provides an index named reward rate to get the probabilities of the events we are interested in. Reward functions we use are shown in Fig. 3 . According to the PASTA(Poisson Arrivals See Time Averages) theorem 15], the reward function partial( ) gives the probability o f a packet beingpartially damaged, and total( ) presents the probability o f a packet being totally discarded. Then the performance indices T H and G can be obtained from the reward functions. 
For SRN model of the queueing system without EPD or PPD control, we just need modify the guards of immediate transition t 1 , t 2 , t 3 and t 4 in Fig. 2 (see the table in the dashed rectangle). For the system without EPD or PPD control, we do not discriminate the packet is totally discarded or partially damaged. We de ne the reward function for goodput as goodput() (see Fig. 3 ).
SRN Model for EPD with Single ON-OFF Source
The model in Fig. 2 can be easily extended to the case where the cell arrivals are governed by an ON-OFF source 9]. During OFF period,no cells arrive, while during ON period, cells are generated according to Poisson process with rate . The cells generated during one ON period constitute a packet.
Recent studies have shown that the tra c in the Internet can not be described by ON-OFF model with exponentially distributed durations 4, 8, 10]. In 8], the empirical distribution of TELNET packet interarrival times, i.e., the duration of OFF period, was found to be heavy-tailed, being well described by distributions such a s t h e P areto, and the exponential distribution resulted in seriously underestimating the burstiness of TELNET tra c. For heavy-tailed OFF period, its complementary cumulative distribution function decays more slowly than that of the exponential. And the longer the source has sojourned in the OFF state, the longer it will sojourn in the OFF state further, while the exponential distribution exhibits memoryless property. Although it is kown that heavy-tailed distributions can have a dramatic e ect upon performance, it is often di cult to describe this e ect in detail because performance models which account for heavy-tailed distributions tend to be di cult to analyze. In 11], authors presented an algorithm to approximate the Pareto distribution with hyperexponential distribution (a nite mixture of exponentials). With this approximation, the system with heavy-tailed distribution becomes tractable.
In this paper, we assume the ON period, which corresponds to the size of packets, is exponentially distributed with mean 1= . The rationale behind this assumption is that although the le size in the Internet is proved to be heavy-tailed, after the les are segmented into packets, the packet size seems to depend on the type of application. For example, for the FTP application, the packet size is close to the value of the Maximal Transfer Unit (MTU, for Ethernet, it is about 1500 byte), for the TELNET application, it may beany value less than MTU. The exponential will make our model simpler.
For the OFF period, we assume it is hyperexponentially distributed, i.e., the cumulative distribution fuction F off (x) is give b y:
Then, the mean OFF duration is given by:
The mean packet arrival rate R p , the mean cell arrival rate R c and the mean packet length E l are
R c = 1 + E OFF]
respectively. The SRN model with ON-OFF source is illustrated Fig. 4 , where the subnet in the dashed rectangle models a hyperexponential with parameters (c i i ) ( i = 1 2 ::: m). Now we show how to get the T H and G via reward functions in this case. 
Numerical Results

Performance Comparison When The Bandwidth Is Fixed
In this subsection, we will compare the partial packet loss ratio partial(), total packet loss ratio total(), e ective throughput T H and goodput G for the sources with di erent tra c characteristics. We x the service rate and the bu er capacity in this subsection: = 5 0 , N = 1 0 0 .
All Poisson Sources
We compare the partial(), total(), T H and G for the Poisson sources with di erent p a r a m eters. We assume that there are three Poisson sources and no ON-OFF sources, i.e., N p = 3 , N i =0. -All the sources have the same total(). -The source with the shortest packets has the least value of partial(), but the di erence is insigni cant.
-All the sources have almost the same T H and G, especially when the threshold of EPD approaches half the bu er capacity.
-T H is greater than G, but the di erence is insigni cant, and they have the same value when the threshold of EPD approaches half the bu er capacity.
-PPD works better than EPD. As the threshold of EPD decreases, the probability o f a packet being partially discarded decreases but the probability o f a p a c ket being totally discarded increases. The amount of decrease in partial() is less than the increase in total(), which m a k es T H and G decrease as the threshold of EPD decreases. Table 2 presents the performance of three Poisson sources with same cell arrival rates but di erent p a c ket arrival rates and mean packet lengths. The parameters are chosen as: 1 = 15, q 1 = 0 :02, 2 = 1 5 , q 2 = 0 :1, 3 = 1 5 , q 3 = 0 :4. All the observations for Table 1 can also be made in this case. Table 3 presents the performance of three Poisson sources with same mean packet lengths but di erent cell arrival rates and packet arrival rates. The parameters are chosen as: is insigni cant. The reason behind this phenomenon is: higher cell arrival rate means the packet can enter the bu er quicker and the probability of being partially damaged decreases. Table 4 presents the performance of three Poisson sources with di erent cell arrival rates, packet arrival rates and mean packet lengths. The parameters are chosen as: 1 = 30, q 1 = 0 :1, 2 = 1 0 , q 2 = 0 :06, 3 = 6 , q 3 = 0 :02. All the observations for Table 1 can also be made.
All the numerical results show that the sources with di erent tra c characteristics almost have the same goodput when the queue is underloaded with Poisson sources. Table 5 presents the performance of three Poisson sources without EPD or PPD control. It shows that PPD will increase the goodput, however the increase is insigni cant. The performance of EPD with small threshold is even worse than the system without control. Therefore, in an underloaded system with Poisson tra c sources, the bene t of EPD or PPD is not obvious.
B. overloaded queue Next we study the performance of Poisson sources when the queue is overloaded. Table 6 presents the performance of three Poisson sources with same packet arrival rates but di erent cell arrival rates and mean packet lengths. The parameters are chosen as: 1 = 3 0 , q 1 = 0 :02, 2 = 2 0 , q 2 = 0 :03, 3 = 6 , q 3 = 0 :1. It can be seen that: -All the sources have the same total(). -The source with the shortest packets has the least value of partial(), and the di erence is signi cant. The di erence becomes insigni cant as the threshold of EPD approaches half the bu er capacity.
-The source with the shortest packets has the highest goodput and e ective throughput.
But the goodput (e ective throughput) of all the sources converge to the same value when the threshold of EPD approaches half the bu er capacity.
-T H is greater than G, and the di erence is signi cant. But they converge to the same value when the threshold of EPD approaches half the bu er capacity.
-For the source with shorter packets (i.e., Sources 2 and 3), PPD outperforms EPD.
But for the source with long packets, it is a little complicated. As the threshold of EPD decreases, the probability of a packet being partially discarded decreases but the probability o f a p a c ket being totally discarded increases. The amount of decrease in partial() is greater than the increase in total() when K = 90 and K = 80. The amount of decrease in partial() is less than the increase in total() when K < 80. This means EPD with deliberately selected threshold outperforms PPD when the packet length is large. However, if we use T H as the performance index, we will get a false conclusion that \PPD outperforms EPD for all the sources". In this sense, G is a better performance index than T H . Table 7 presents the performance of three Poisson sources with same cell arrival rates but di erent p a c ket arrival rates and mean packet lengths. The parameters are chosen as: 1 = 20, q 1 = 0 :02, 2 = 2 0 , q 2 = 0 :1, 3 = 2 0 , q 3 = 0 :4. All the observations for Table 6 can also be made. Table 8 presents the performance of three Poisson sources with same mean packet lengths but di erent cell arrival rates and packet arrival rates. The parameters are chosen as: -The source with the highest packet arrival rate and cell arrival rate has the highest goodput or e ective throughput. But the goodput (e ective throughput) of all the sources converge to the same value when the threshold of EPD approaches half the bu er capacity.
-T H is greater than G, and the di erence between them is signi cant. But they converge to the same value when the threshold of EPD approaches half the bu er capacity.
-For source 1, PPD outperforms EPD. But for the sources 2 and 3, it is a little complicated. As the threshold of EPD decreases, the probability o f a p a c ket being partially discarded decreases but the probability of a packet being totally discarded increases.
The amount of decrease in partial() is greater than the increase in total() when the threshold is high. The amount of decrease in partial() is less than the increase in total() when the threshold is low.
It can be concluded that the Poisson sources with di erent tra c characteristics obtain di erent goodput when PPD algorithm is adopted in the overloaded queue. And they obtain di erent goodput when EPD algorithm is adopted, unless the threshold is small enough. However, the unfairness among the sources, i.e., the di erence in the goodput among the sources, is not very serious in the All Poisson case. Fig. 8 illustrates the bu er occupancy while no control is adopted, PPD is enabled and EPD is enabled with threshol K = 80 60 40 respectively. It shows that PPD and EPD make the bu er less congested. Table 9 presents the performance of three Poisson sources without EPD or PPD control. It shows that bothPPD and EPD will increase the goodput signi cantly. Therefore, in a overloaded system with Poisson tra c sources, the bene t of EPD or PPD is obvious. Table 5 : Performance of The System Without Control(Underload) Table 1  Table 2  Table 3  Table 4 G (1) Table 8 Table 9 : Performance of The System Without Control(Overload) Table 6  Table 7  Table 8 G (1) 
Hetergeneous Sources
In this section, We will compare performance of hetergeneous sources. One source is Poisson, the other is ON-OFF with exponential ON duration and hyperexponential OFF duration. The hyperexponential distribution has three phases. The parameters are given in Table 10 .
In Case I, the Poisson source has the same mean packet arrival rate (R p = 0 :4), mean cell arrival rate (R c = 2 0 ) and mean packet length (E l = 50) as the ON-OFF sources. In Case I I , R p = 4, R c = 20, E l = 5. In Case I I I , R p = 0:8, R c = 40, E l = 50. In Case I V, R p = 8 , R c = 4 0 , E l = 5 . The goodput of the hetergeneous sources are compared in Table   11 . It shows that:
-Both PPD and EPD will increase the goodput signi cantly. Therefore, in a system with ON-OFF tra c sources, the bene t of EPD or PPD is obvious.
-When the system is underloaded and packets are short, the di erence between the goodputs of the hetergeneous sources is not very signi cant. Of course, it is more signi cant than that of the All Poisson case.
-When the system is overloaded or packets are long, the ON-OFF source has higher goodput than the Poisson source. The di erence between the goodputs of the hetergeneous sources is very signi cant. And EPD algorithm makes this unfairness more serious. Because the burstiness of a source will be alleviated by the statistical multiplexing of ATM switches, the ON-OFF source may be viewed as the source that just enters the network, and the Poisson source may be viewed as the source being far away from the network node we are considering and has beenregulated and smoothed by the switches it traversed. Therefore the queueing system with EPD algorithm gives higher goodput to the sources near the system. And the sources far from the system taht h a ve traversed several switches will have l o wer goodput. The EPD algorithm is mainly used to enhance the e ciency of transferring IP packets over ATM networks. Note that the ATM switches will support integrated services. Since the Constant-Bit-Rate services and real-time Variable-Bit-Rate services have higher priority over data services, the bandwidth available to the IP tra c is time-varying. In this subsection, we will assume the bandwidth available to the IP tra c is characterized by a n ON-OFF model. The duration of ON (OFF) period is exponentially distributed with mean value 1= 0 (1= 1 ), and the bandwith availabe to the IP tra c during ON (OFF) period is r 0 (r 1 ). Although this ON-OFF time-varying bandwidth is not very close to the real case, it is su cient for the purpose of studying the e ect of time-varying available bandwidth on the performance of EPD. The SRN model for the time-varying service rate is illustrated in Fig. 9 . The performance of EPD with time-varying available bandwidth may be studied by substituting the channel model in Fig. 7 (3-stage Erlang) with that in Fig. 9 . 
All Poisson Sources
From Table 12 , it is seen that PPD is very unfair in terms of goodput and EPD is approximately fair in terms of goodput if we adjust the threshold appropriately.
Hetergeneous Sources
In this section, we assume that the packets are very short: E l = 5. The goodputs of hetergeneous sources are given in Table 13 . Even under this condition, both EPD and PPD display unfairness. And the ON-OFF sources have higher goodput.
Conclusions
In this paper, we constructed a performance model of PPD and EPD in ATM switches. We studied the performance of EPD with hetergeneous tra c sources. The sources in-cluded Poisson, and ON-OFF with long-tailed sojourn time distribution. The long-tailed distribution is approximated by a hyperexponential distribution. The fairness of EPD is investigated. It was found from our numerical results that the ON-OFF source got higher goodput than the Poisson sources and in All Poisson case PPD and EPD provide nearly fair service to the sources. Because the burstiness of a source will be alleviated by the statistical multiplexing of ATM switches, the ON-OFF source may b e v i e w ed as the source that just enters the network, and the Poisson source may beviewed as the source being far from the network node we are considering and has been regulated and smoothed by the switches it traversed. Therefore the queueing system with EPD algorithm gives higher goodput to the sources near the system. And the sources far from the system that traversed several switches will have lower goodput. Some of the perVC-based schemes 6] may be adopted to alleviate the unfairness, however, these schemes make t h e A TM switches rather complex. Because at the center of a large ATM network, the tra c of individual ow has been regulated and smoothed by the switches it traversed, these sources may be modeled as Poisson process. Our studies have shown that PPD and EPD is approximately fair in the AllPoisson case. Therefore, no per VC-based schemes is needed at the core of large ATM networks. These schemes may beused at the edge of the ATM cloud. Such con guration can make the core of the ATM networks wo r k a t h i g h s p e e d .
